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In this report, self-organized GaN nanodots have been grown on Si (111) by droplet epitaxy method, and their
density can be controlled from 1.1 × 1010 to 1.1 × 1011 cm−2 by various growth parameters, such as substrate
temperatures for Ga droplet formation, the pre-nitridation treatment of Si substrate, the nitridation duration for
GaN crystallization, and in situ annealing after GaN formation. Based on the characterization of in situ RHEED, we
can observe the surface condition of Si and the formation of GaN nanodots on Si. The surface nitridaiton treatment
at 600°C provides a-SiNx layer which makes higher density of GaN nanodots. Crystal GaN nanodots can be observed
by the HRTEM. The surface composition of GaN nanodots can be analyzed by SPEM and μ-XPS with a synchrotron
x-ray source. We can find GaN nanodots form by droplet epitaxy and then in situ annealing make higher-degree
nitridation of GaN nanodots.
Keywords: Molecular beam epitaxy; Gallium nitride; Quantum dots; Scanning photoemission microscopy; Reflection
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spectroscopyBackground
Group-III nitride based semiconductors have been suc-
cessful commercialized as light emitting diodes (LED)
and high electron mobility transistors (HEMT) [1,2]. An
enormous interest in gallium nitride (GaN) nanostruc-
tures can be observed due to their strong carrier confine-
ment phenomenon. GaN quantum dots (QDs) are highly
potential materials for the applications in electronics such
as single electron transistors, and in optoelectronics such
as QD lasers, single photon source and photodetectors
[3,4]. Recently, high-density GaN nanodots and nanorods
are also expected to be illuminated working electrodes of
photoelectrochemical water splitting to generate hydrogen
gas. The hydrogen evolution by natural energy will be an
important technique to prevent the global warming in the
future [5].
For the fabrication of self-assembled semiconductor
nanostructures, several methods were proposed so far.* Correspondence: isyu@mail.ndhu.edu.tw
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in any medium, provided the original work is pFor instance, molecular beam epitaxy (MBE) and metal
organic chemical vapor deposition (MOCVD) provided
nanodots growth via Stranski-Krastanov (SK) mode, which
requires sufficient lattice mismatch between substrate,
wetting layer and epi-layer [6-10]. However, there was still
a challenge to have higher density, to easily control the
growth, and to have fewer defects of self-organized semi-
conductor nanostructures. In the last ten years, the drop-
let epitaxy (DE) technique is another method to obtain
nanostructures with some advantages over the SK mode.
For example, a variety of quantum structures have been
obtained by this technique such as dots, rings, holes,
wires, dot pairs, dot disks, which can be fabricated on any
sort of substrates. This flexible nanostructure-fabrication
technique can apply to a wide range of materials by
precisely controlling the lateral diffusion of metallic
droplets and crystallization process [11,12]. Besides,
many applications have been proposed by droplet epi-
taxy technique: GaAs/AlGaAs quantum dot laser [13],
single photon emitter on Si [14], and infrared photo-
detector with strain-free GaAs quantum dot pairs [15].pen Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
Figure 1 Process flow and parameters for the growth of GaN
nanodots. (a) Thermal cleaning. (b) Substrate pre-nitridation
treatment (optional). (c) Ga droplet formation. (d) RF plasma
nitridation for GaN formation. (e) In situ annealing treatment
(optional).
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nique, Ga droplets formation and then nitridation process
for GaN crystallization, has been employed to fabricate
GaN nanodots on c-plane sapphire, Si (111), 6H-SiC
(0001) and Si3N4(0001)/Si(111). The size and density of
GaN nanodots were investigated by different Ga flux and
substrate temperatures from the results of atomic force
microscopy (AFM) [16-18]. For the first part of droplet
epitaxy: Ga droplet formation, its growth mechanism has
been experimentally and theoretically investigated in terms
of nucleation, coalescence and ripening processes. Droplet
number density can be easily controlled by a suitable
choice of substrate temperature [19-21]. However, for the
second part of droplet epitaxy: GaN crystallization, GaN
nanodot formation was not a simple transformation of Ga
droplets into GaN dots. Additional phenomena like surface
diffusion of Ga and formation of a rough layer may play a
role. Therefore, some further investigation is necessary to
understand the growth mechanism of GaN nanodots by
droplet epitaxy [22].
In this report, GaN nanodots were grown on Si (111)
substrate by droplet epitaxy using plasma-assisted MBE
system at various growth parameters. We focused on the
characterization of GaN nanodots by scanning photo-
emission microscopy (SPEM) and x-ray photoelectron
spectroscopy (XPS) from a synchrotron radiation x-ray
source. In situ reflection high-energy electron diffraction
(RHEED) was employed to observe Si surfaces and GaN
nanodots. Ex situ transmission electron microscopy
(TEM) was conducted to analyze the crystalline of GaN
nanodots. In order to obtain higher density of GaN
nanodots on Si for future applications, we also investi-
gated the density of GaN nanodots by controlling
the substrate temperatures, nitridation time for GaN
crystallization, the pre-nitridation treatment of sub-
strates, and in situ annealing after GaN nanodot forma-
tion from the images of field emission scanning electron
microscopy (FESEM).
Methods
GaN nanodots by droplet epitaxy were carried out in
our ULVAC MBE system with a radio frequency (RF) ni-
trogen plasma source. The process flow and parameters
of GaN nanodots formation is shown in Figure 1. Si
(111) wafers were cleaned by acetone to remove organic
impurity, cleaned by 10% HF solution to remove the na-
tive oxide, and then put into MBE chamber immediately.
Until the base pressure of chamber lower than 1.0 × 10−7 Pa,
thermal cleaning of Si substrates was conducted at 850°C
for 60 min. Some of the samples had pre-nitridation
treatment on Si substrates at temperature 600°C for 60 min.
Then, Ga droplets were deposited by Ga Knudsen cell at
850°C for 1 min (beam equivalent pressure 1.9 × 10−4 Pa)
at substrate temperatures 475°C, 500°C and 550°C.Nitridation process was followed to form GaN nanodots
for 5 min, 7 min or 10 min. For the processes of Ga
droplets nitridation and substrate pre-treatment,
nitrogen plasma source operated at a RF forward power
of 500 W and N2 flux of 2 sccm, which provided beam
equivalent pressure 1.2 × 10−5 Pa. After the formation of
GaN nanodots, in situ annealing at 850°C for 10 min
was the optional process for some samples.
During the fabrication of each sample, surface quality
and structure was monitored by in situ RHEED with
electron beam energy 20 KeV. For the characterization
of GaN nanodots, SPEM and μ-XPS were conducted on
beamline U5 at the National Synchrotron Radiation
Research Center (NSRRC) in Hsinchu, Taiwan, which
can suffer photon energies from 60 to 1200 eV during
high-resolution XPS measurement and provide photon
beam size 90–100 nm in diameter [23]. The crystallinity
of GaN nanodots was studied by high-resolution TEM,
JEOL JEM-2010 F with accelerating voltage 200 KV. Ga
droplets and GaN nanodots on Si were observed by a
JEOL FESEM with accelerating voltage 15 KV, and their
densities were obtained from SEM images.
Figure 2 RHEED patterns. (a) Reflections of the Si (111) before thermal cleaning. (b) Si (111)-7 × 7 surface reconstruction after thermal cleaning.
(c) Reflection of the Ga droplets on Si. (d) Reflection of crystal GaN nanodots on Si.
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In situ RHEED analysis
Figure 2(a) shows the in situ RHEED pattern of Si (111)
before thermal cleaning, and a smooth surface gives long
streaks in the RHEED pattern. After the thermal cleaning
at 850°C for 60 min, Si (111)-7 × 7 reconstruction appears
as shown in Figure 2(b). After the formation of Ga drop-
lets on Si, RHEED pattern becomes cloudy as shown in
Figure 2(c), which means a thin amorphous layer on Si.
Followed by RF plasma nitridation, GaN nanodots formed
on Si. Spotty and foggy RHEED pattern presents due to
the rough surface by GaN nanodots on Si, shown in
Figure 2(d). From the results of RHEED, we can find the
pattern transition from 2D diffraction surface normal
streaks to 3D diffraction Bragg spots during the growth of
GaN nanodots by droplet epitaxy.
Some of the samples were prepared with pre-nitridation
treatment at 600°C for 60 min in order to create different
Si surface for the growth of GaN nanostructure. After theFigure 3 RHEED patterns. (a) Cloudy pattern shows an amorphous nitride
(b) The rings-centered pattern indicates polycrystalline of GaN nanodots on Spre-nitridation, entirely cloudy RHEED pattern is in
appearance due to the amorphous nitride layer on Si.
Low-temperature pre-nitridation on Si substrate can pro-
duce an amorphous nitride layer for Ga deoplet formation.
This result is different from the report by Gwo’s group.
Single-crystal β-Si3N4 layer was formed by nitrogen
plasma nitridation at 830°C from their RHEED observa-
tion [18]. After the growth of GaN nanodots on this
sample, RHEED pattern gives rings centered as shown in
Figure 3(b), which comes from the polycrystalline of GaN
nanodots. From the results of in situ RHEED, we can not
only observe the growth of GaN nanodots, but also deter-
mine the surface condition which influences the growth
and density of GaN nanodots (discuss latter).Ex situ SEM and TEM analysis
Figure 4(a) is the SEM image of Ga droplets on Si. This
sample was grown at substrate temperature 550°C bylayer on Si substrate after pre-nitridation treatment at 600°C for 60 min.
i.
Figure 4 SEM images. (a) Ga droplets density 6.45 × 109 cm-2 and their size around 60 nm. (b) GaN nanodots density 5.01 × 1010 cm-2 and their
size around 15 nm.
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6.45 × 109 cm−2, and the average size is around 60 nm.
For the same condition of Ga droplet formation, another
sample formed GaN nanodots by RF plasma nitridation
for 10 min as shown in Figure 4(b), their density be-
comes 5.01 × 1010 cm−2, and the average size is around
15 nm. During the GaN crystallization, GaN nanodot
formation was not a simple transformation of one Ga
droplet into one GaN dot and their growth mechanism
was more complex. To forward discussing their growth
mechanism, the kinetics of Ga droplet formation was
well studied: Ga droplets nucleate heterogeneously at
the lower-energy sites on the surface or nucleate homo-
geneously. Then, Ga droplets grow and coalesce [24,25].
After droplet formation, sample was immediately served
nitrogen source by RF plasma, Ga atoms diffused on the
surface quickly and reacted with limited nitrogen source
to form GaN dots. It is the reason that one Ga droplet can
form several GaN nanodots as the report in reference 22.
For the sample with the SEM image of Figure 4(b),
high-resolution cross-sectional TEM was conducted to
observe GaN nanodots. In Figure 5(a), GaN nanodots can
be observed on Si, their size is around 10 nm. For the
higher magnification of TEM image in the Figure 5(b), we
can find the GaN nanodot crystal and a thin amorphous
layer with thickness 1.5 nm between GaN nanodots and
Si (111) substrate.Figure 5 High-resolution cross-sectional TEM images. (a) GaN nanodot
magnification.SPEM and μ-XPS analysis by synchrotron x-ray
SPEM and μ-XPS were used to analyze the surface com-
position of GaN nanodots on Si (111). For chemical state
mapping of Ga-3d with block size 5 μm× 5 μm, we got
16-channel SPEM images with binding energy from
14 eV to 26 eV. Because of the high density of GaN
nanodots on Si (5.01 × 1010 cm−2, see the SEM image of
Figure 4(b)), the resolution of SPEM mapping did not
good enough to clearly identify single GaN dot, so the
result is not shown here. To control the density of GaN
nanodots, we are going to discuss in the following section.
The second mode of a SPEM system is photoelectron
spectroscopy from a small spot area, so-called μ-XPS. We
conducted the measurements on 4 samples: Ga droplets
(see SEM image of Figure 4(a)), GaN nanodots (see SEM
image of Figure 4(b)), GaN nanodots with substrate pre-
nitridation, GaN nanodots with pre-nitridation and an-
nealing. Figure 6 shows Ga-3d XPS spectra for these 4
samples. The sample with Ga droplets has peak at 21 eV,
which can be attributed to oxidized Ga due to exposure to
air. As the GaN started to form by nitridation, the XPS
peak of this sample shifts to the binding energy site of
Ga-N, which corresponds to the formation of GaN. The
sample with substrate pre-nitridation has similar XPS
results with the one without pre-nitridation. The pre-
nitridation of Si substrate did not influence the chemical
composition of GaN nanodots on Si. Furthermore, thes on Si (111), and (b) One crystal GaN nanodot on Si in higher
Figure 6 Ga-3d XPS core-level spectra for four samples. Ga
droplets on Si (blue line), GaN nanodots on Si (pink line), GaN
nanodots on Si with substrate pre-nitridation (black line), and GaN
nanodots on Si with substrate pre-nitridation and in situ annealing
(red line). The Ga-3d XPS peaks shift from 21 eV to 20 eV, which
means the formation of GaN nanodots.
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of GaN. We can find the annealing process in MBE made
higher-degree nitridation of GaN nanodots.
Density analysis of GaN nanodots
In the end of this letter, we calculated the GaN nanodots
density on Si from their SEM images to investigate the
density control by different growth parameters. Firstly,
Figure 7 shows GaN nanodots density as function of the
substrate temperature and their SEM images. The lower
substrate temperature we set during the Ga droplet
formation, the higher density of GaN nanodots we get.
For the sample grown at higher substrate temperature,
the surface diffusion rate of Ga ad-atoms is high. Ga ad-
atoms re-evaporate and aggregate to form Ga dropletFigure 7 Density of GaN nanodots as function of substrate
temperatures at 475°C, 500°C and 550°C and their SEM images.
Density of GaN nanodots for two samples (in the blue cycle) with
and without pre-nitridation treatment of substrate.more easily, which makes the Ga droplets lower density.
For lower density Ga droplets on Si, we get lower density
GaN nanodots after plasma nitridation. Secondly, we can
also find the pre-nitridation treatment of Si substrate
make higher density of GaN nanodots from the result of
the two samples at substrate temperature 500°C in the
blue cycle of Figure 7. From the results of RHEED in sec-
tion In situ RHEED analysis, pre-nitridation process forms
an amorphous nitride layer on the surface which provides
nitrogen atoms for Ga nucleating heterogeneously. Nitri-
dized surface might reduce the diffusion length of Ga ad-
atoms. Therefore, the sample with substrate pre-nitridation
has higher density of GaN nanodots.
Thirdly, we discuss GaN nanodots density as function
of nitridation time as shown in Figure 8. The longer nitri-
dation time we set, the higher GaN nanodots density we
get. From the growth mechanism of GaN nanodots by
droplet epitaxy, we know that one Ga droplet becomes
several GaN nanodots during nitridation. Therefore,
sufficient nitridation time provides more nitrogen source
to form more GaN nanodots. Finally, in situ annealing
process can also make the GaN nanodots density
increase from the two samples of nitridation time 7 min
shown in the blue cycle of Figure 8. As the result of XPS
shows, in situ annealing not only makes higher degree
of nitridation, but also forms higher density of GaN
nanodots.
Conclusions
In conclusion, we have demonstrated self-assembled and
crystal GaN nanodots grown on Si (111) by droplet epitaxy
using our PAMBE system. Their density can be controlled
from 1.1 × 1010 to 1.1 × 1011 cm−2. The growth of GaN
nanodots includes the Ga droplets nucleation, growth,
coalescence, and GaN crystallization by plasma nitrogen
source. In situ RHEED, FESEM, HRTEM, SPEM and XPSFigure 8 Density of GaN nanodots as function of nitridation
time for 5 min, 7 min and 10 min. Density of GaN nanodots for
two samples (in the blue cycle) with and without in situ
annealing process.
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dots. Through the understanding of their growth mechan-
ism, density of GaN nanodots can be controlled by the
parameters: substrate temperature of Ga droplet formation,
pre-nitridation of Si substrate, nitridation time for GaN
crystallization, and in situ annealing after GaN nanodot
formation.
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